Due to rapid metabolism and growth rate, cancer cells generally exhibit hallmarks of increased cellular stresses including DNA damage/replication stress, proteotoxic stress, mitotic stress, metabolic stress, and oxidative stress.^[@bib1]^ Therefore, cancer cells are often more dependent on the stress support pathways for survival, which can be exploited in cancer therapy by either stress sensitization or stress overload.^[@bib1]^ In fact, a lot of currently approved chemotherapeutic drugs, such as Paclitaxel, 5-FU, or Bortezomib, kill cancer cells by inducing excessive cellular stress.

The endoplasmic reticulum (ER) is an essential intracellular organelle with multiple roles including lipid biosynthesis, intracellular membrane homeostasis, and promoting proper folding and modification of secreted and transmembrane proteins. Due to rapid glucose metabolism and growth rate, many cancer cells experience nutrient deprivation and hypoxia, both of which lead to the accumulation of unfolded proteins in the ER, resulting in ER stress which triggers the activation of the unfolded protein response (UPR).^[@bib2],\ [@bib3]^ There are three distinct branches of the UPR: PKR-like endoplasmic reticulum kinase (PERK), ATF6, and IRE1.^[@bib2],\ [@bib3]^ Activation of IRE1 catalyzes the splicing of the mRNA encoding X-box binding protein 1 (XBP1), a transcription factor that controls the transcription of genes involved in ER chaperones, ER-associated protein degradation (ERAD) genes, genes involved in autophagy, as well as genes involved in apoptosis. Activation of PERK leads to the phosphorylation of eIF2*α*, which inhibits global translation of mRNAs and reduces the influx of new proteins into the ER to mitigate the burden on the ER protein folding machinery. However, PERK activation can also promote the translation of a subset of mRNAs, such as ATF4, which induce the expression of genes such as C/EBP-homologous protein (CHOP) and induce apoptosis. Therefore, UPR can promote survival by re-establishing ER homeostasis but excessive or prolonged ER stress will promote cell death.

A major target of the UPR that promotes survival and re-establishing of ER homeostasis is the ER chaperone protein glucose-regulated protein 78 (GRP78/BiP), which is required for protein folding and assembly, targeting misfolded proteins for degradation, ER Ca^2+^ binding and controlling the activation of transmembrane ER stress receptors.^[@bib4],\ [@bib5]^ Accumulating evidence has also demonstrated that overexpression of GRP78 is prominent in a wide variety of tumors and protects cancer cells against ER stress as well as a range of cancer therapeutic agents.^[@bib5]^ On the other hand, terminally misfolded proteins that cannot be refolded by ER chaperone proteins are subject to ERAD, which involves their export back into the cytoplasm and subsequent degradation by the ubiquitin/proteasome pathway.^[@bib6]^ Alternatively, they may be included into compacted aggresomes and recycled *via* autophagy.^[@bib7]^ In fact, studies have shown that ER stress may lead to the activation of autophagy, and conversely, blockage of autophagy can enhance ER stress-induced cell death.^[@bib8]^

If the function of the ER cannot be re-established by UPR, then excessive or sustained ER stress will induce cell death *via* IRE1-mediated activation of JNK signaling as well as through prolonged activation of the transcription factor CHOP.^[@bib9]^ BCL2 family proteins are implicated in CHOP-induced apoptosis and critically linked to cell life and death through the modulation of ER calcium homeostasis.^[@bib10]^ Consistent with this, Bax- and Bak-deficient cells are shown to be resistant to ER stress-induced apoptosis^[@bib11]^ and a number of proapoptotic BH3-only proteins, including Noxa, Bim, and BIK have been shown to be upregulated and required to mediate ER stress-induced cell death.^[@bib12],\ [@bib13],\ [@bib14],\ [@bib15],\ [@bib16]^

Oplopantriol-A (OPT) is a novel natural polyyne isolated from *Oplopanax horridus*, a plant used extensively by indigenous people to heal a variety of ailments.^[@bib17],\ [@bib18]^ OPT has been shown to inhibit cancer cell proliferation but the mechanisms involved are not known.^[@bib19]^ In this report, we show that OPT preferentially kills cancer cells, and the cancer cell killing effect of OPT was mediated by the induction of ER stress and the expression of BH3-only proapoptotic regulators Noxa and Bim.

Results
=======

OPT preferentially induces apoptosis in cancer cells
----------------------------------------------------

To investigate whether OPT can preferentially inhibit cell proliferation and induce cell death in cancer cells, we compared the effect of OPT on MDA-MB231 breast cancer and MCF10A untransformed human breast epithelial cells. The viability of cells treated with different concentrations of OPT was measured by MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay. As shown in [Figure 1a](#fig1){ref-type="fig"}, a significant portion of the MDA-MB231 cells lost viability with 3 *μ*M OPT treatment while a majority of MCF10A cells survived at much higher concentrations of OPT (40 *μ*M). To further characterize the effect of OPT, we stained MCF10A and MDA-MB231 cells with Annexin-V and PI. OPT treatment significantly increased Annexin-V and PI staining of the MDA-MB231 but not the MCF10A cells ([Figures 1b and c](#fig1){ref-type="fig"}). Additionally, OPT preferentially killed MLL-AF9 mouse leukemia cells but not the mouse bone marrow cells ([Figure 1e](#fig1){ref-type="fig"}) and induced a significant level of cell death in HCT116 colorectal cancer cells as well as in KOPN1 lymphoblastic leukemia cells ([Figures 1d and f](#fig1){ref-type="fig"}). These data indicate that OPT preferentially kills cancer cells. We used a caspase-3 activity indicator (C3AI), which shows fluorescence only after cleavage by caspase-3 like proteases,^[@bib20]^ to further characterize whether OPT-induced cell death is correlated with increased caspase-3 activity. Indeed, OPT treatment significantly increased C3AI fluorescence ([Figure 1g](#fig1){ref-type="fig"}). These observations suggest that OPT-induced cell death is mostly mediated by caspase-dependent apoptosis.

OPT inhibits tumor growth in xenograft tumor model
--------------------------------------------------

A xenograft model of HCT-116 human colorectal cancer cells was used to determine whether OPT can inhibit cancer growth *in vivo*. Exponentially growing firefly luciferase-tagged HCT-116 cells were inoculated into the flanks of athymic nude mice. Beginning on Day 1, animals were also administered with OPT or vehicle at 15 mg/kg/day. Tumor growth was measured by Xenogen bioluminescence imaging every week. Treatment with OPT significantly decreased the Xenogen imaging signal ([Figure 2a](#fig2){ref-type="fig"}). Quantitative analysis of the imaging data ([Figure 2b](#fig2){ref-type="fig"}) revealed that treatment with 15 mg/kg of OPT significantly inhibited xenograft tumor growth starting from week 3 (\* and \*\* indicate *P*\<0.05 or *P*\<0.01, respectively). These results demonstrate that OPT can inhibit human tumor growth in a xenograft model.

OPT-induced cell death is correlated with ER stress induction
-------------------------------------------------------------

To investigate the mechanisms by which OPT induces cancer cell death, we characterized the ability of OPT to induce ER stress, ROS, and autophagy. OPT treatment induced significant levels of XBP1 splicing, CHOP expression, as well as GRP78 protein accumulation in MDA-MB231 cancer cells ([Figures 3a and b](#fig3){ref-type="fig"}), and a similar effect was observed by the ER stress inducer Tunicamycin ([Supplementary Figure S1](#sup1){ref-type="supplementary-material"}). Interestingly, as shown in [Figure 3b](#fig3){ref-type="fig"}, the XBP1 splicing and CHOP mRNA induction was detectable as early as 2 h and persistently induced at 24 h after OPT treatment. However, GRP78 mRNA was not induced 2 h after OPT treatment ([Supplementary Figure S2](#sup1){ref-type="supplementary-material"}) and significantly increased GRP78 protein levels were observed after 8 h of OPT treatment ([Figure 3a](#fig3){ref-type="fig"}), significantly later than the induction of CHOP and XBP1 splicing. As CHOP functions to promote ER stress-induced cell death while GRP78 protects cells from ER stress-induced cell death, the early induction of proapoptotic genes such as CHOP and the relatively late induction of protective mechanisms such as GRP78 potentially contribute to the cell death induced by OPT treatment. To determine whether ER stress induction correlates with OPT-induced cell death, we determined the level of XBP1 splicing in the OPT-sensitive as well as resistant cells. MDA-MB231 and HCT116 cancer cells, which are sensitive to OPT treatment, exhibited a high level of XBP1 splicing after OPT treatment while MCF10A cells, which are resistant to OPT treatment, did not exhibit OPT-induced XBP1 splicing ([Figures 3c and d](#fig3){ref-type="fig"}). Therefore, the ability of OPT to induce ER stress correlates nicely with OPT-induced cell death.

We also investigated the ability of OPT to induce oxidative stress and autophagy in cancer cells. Interestingly, OPT treatment induced significantly increased ROS levels in HCT116 colorectal cancer cells ([Figure 3e](#fig3){ref-type="fig"}) but not in MDA-MB231 cells ([Figure 3f](#fig3){ref-type="fig"}), suggesting that OPT-induced ROS production is cell type dependent. Similarly, OPT induced a significant Microtubule-associated protein light chain 3 (LC3)-GFP puncta formation in HCT116 but not in MDA-MB231 cells ([Figures 3g and h](#fig3){ref-type="fig"}), indicating OPT induced autophagy in HCT116 but not in MDA-MB231 cells. Therefore, OPT can induce ROS and autophagy only in a subset of OPT-sensitive cancer cells.

ER stress contributes to OPT-induced apoptosis
----------------------------------------------

Since OPT-induced ER stress is correlated with cell death induction in all the cells examined, we further characterized the contribution of ER stress to OPT-induced cell death. ER chaperone protein GRP78 is an important regulator of ER stress. Overexpression of ER chaperone protein GRP78 using a myc-tagged GRP78 construct ([Figure 4b](#fig4){ref-type="fig"}) significantly decreased OPT-induced ER stress as shown by decreased levels of XBP1 splicing ([Figure 4c](#fig4){ref-type="fig"}) and decreased OPT-induced cell death in MDA-MB231 cells ([Figure 4a](#fig4){ref-type="fig"}). In contrast, knockdown of GRP78 using shRNA constructs against GRP78 decreased GRP78 levels ([Figure 4e](#fig4){ref-type="fig"}), increased ER stress ([Figure 4f](#fig4){ref-type="fig"}), and significantly increased OPT-induced cell death ([Figure 4d](#fig4){ref-type="fig"}).

To further confirm that ER stress contributes to OPT-induced cell death, we determined the effect of knocking out components of the UPR pathway, PERK and XBP1, on OPT-induced cell death using established mouse embryonic fibroblast (MEF) cells.^[@bib21]^ XBP1^−/−^ MEFs showed an increased basal level of XBP1 splicing, but significantly reduced OPT-induced ER stress, as shown by reduced induction of GRP78 expression and XBP1 splicing ([Figures 4j and k](#fig4){ref-type="fig"}). The reduced ER stress induction is correlated with reduced OPT-induced cell death in XBP1^−/−^ MEFs ([Figure 4i](#fig4){ref-type="fig"}). Similarly, PERK^−/−^ MEFs also significantly decreased OPT-induced ER stress as shown by reduced GFP78 induction ([Figure 4h](#fig4){ref-type="fig"}), which correlated with decreased OPT-induced cell death ([Figure 4g](#fig4){ref-type="fig"}). Therefore, OPT-induced ER stress contributes to its induction of cell death.

Inhibition of protein synthesis will decrease protein influx to the ER, which can potentially help to restore ER homeostasis. Indeed, blocking protein synthesis can block the accumulation of unfolded/misfolded proteins in ER and therefore decrease ER stress and ER stress-induced cell death.^[@bib21]^ To further characterize the molecular mechanism of OPT-induced ER stress and cell death, we tested the effect of blocking protein synthesis by cycloheximide (CHX). Pre-treatment with CHX reduced OPT-induced ER stress and inhibited the induction of CHOP in both MDA-MB231 cells and HCT116 cells ([Figures 5a and b](#fig5){ref-type="fig"}). The reduced ER stress and CHOP induction correlated with significantly inhibited OPT-induced cell death ([Figures 5c and d](#fig5){ref-type="fig"}) in these cancer cells. These data further confirm that OPT-induced cell death is associated with its induction of ER stress.

OPT induces accumulation of ubiquitinated proteins in cancer cells
------------------------------------------------------------------

ERAD has an important role in maintaining the homeostasis of ER through delivering of misfolded protein to the cytosol for degradation by the proteasome-ubiquitin pathway. Interestingly, OPT treatment induced significantly increased accumulation of ubiquitinated proteins in both MDA-MB231 and HCT116 cancer cells ([Figures 5e--g](#fig5){ref-type="fig"}) but not in untransformed MCF10A breast epithelial cells ([Figure 5e](#fig5){ref-type="fig"}). The accumulation of ubiquitinated protein correlated with the ability of OPT to induce cell death and ER stress ([Figures 1c, d](#fig1){ref-type="fig"}, [3c and d](#fig3){ref-type="fig"}). Furthermore, the inhibition of ER stress and cell death by CHX correlated with significantly decreased accumulation of ubiquitinated proteins ([Figures 5a--d, f and g](#fig5){ref-type="fig"}). These observations suggest that OPT may interfere with the degradation of ubiquitinated proteins, causing the accumulation of misfolded proteins resulting in the induction of ER stress.

To further test the possibility that OPT may interfere the ubiquitin/proteasome-mediated protein degradation, we determined the effect of OPT on c-Myc protein, which is an unstable protein degraded by the ubiquitin/proteasome pathway. Proteasome inhibitor MG132 treatment was used as a positive control, and led to increased c-Myc protein accumulation ([Figure 5h](#fig5){ref-type="fig"}). Interestingly, OPT treatment induced similar accumulation of c-Myc protein in a time-dependent manner ([Figure 5h](#fig5){ref-type="fig"}). These results further support the hypothesis that OPT interferes with the ubiquitin/proteasome pathway.

Effect of OPT-induced ROS and autophagy on cell death induction
---------------------------------------------------------------

In addition to ER stress, OPT also induced ROS and autophagy in HCT116 cells ([Figures 3e--g](#fig3){ref-type="fig"}). To investigate whether OPT-induced ROS and autophagy affect OPT-induced cell death, we determined the effect of antioxidants, *N*-acetyl cysteine (NAC), and autophagy inhibitor Chloroquine (CQ). NAC treatment partially decreased OPT-induced cell death in HCT116 cells ([Supplementary Figure S3a](#sup1){ref-type="supplementary-material"}), suggesting that OPT-induced ROS contributes to cell death induction in HCT116 cells. In contrast, inhibition of autophagy by CQ significantly increased cell death in HCT116 cells ([Supplementary Figure S3c](#sup1){ref-type="supplementary-material"}), indicating that OPT-induced autophagy protects HCT116 cells from apoptosis induction. As expected, neither NAC nor CQ affects OPT-induced cell death in MDA-MB231 cells ([Supplementary Figures S3b and d](#sup1){ref-type="supplementary-material"}), which do not show ROS or autophagy induction by OPT ([Supplementary Figures 3f and h](#sup1){ref-type="supplementary-material"}).

Noxa and Bim have an important role during OPT-induced cell death
-----------------------------------------------------------------

Activation of the proapoptotic proteins, BAX or BAK, is required for cell death in response to diverse stimuli, including ER stress.^[@bib11]^ Activation of BAX and BAK proteins is controlled by the BH3-only proapoptotic proteins, which are induced by diverse stimuli to induce apoptosis.^[@bib22]^ Indeed previous studies demonstrated that BH3-only proteins have an important role during ER stress and proteasome inhibitor-mediated cell death.^[@bib12],\ [@bib13],\ [@bib14],\ [@bib15],\ [@bib16]^ To determine whether apoptotic regulators contribute to OPT-induced cell death, we investigated the expression of BH3-only proteins that are induced by OPT. We found the levels of apoptotic regulators Bim and Noxa to be significantly induced by OPT treatment as determined by qRT-PCR in both MDA-MB231 and HCT116 cells ([Figures 6a--d](#fig6){ref-type="fig"}). The induction of Bim by OPT can also be detected at the protein level ([Figures 6i and j](#fig6){ref-type="fig"}). To further investigate whether the observed Bim and Noxa induction contributes to OPT-induced cell death, we used lentivirus to introduce shRNA to specifically knock down Noxa or Bim expression. Knockdown of Bim significantly decreased OPT-induced Bim levels ([Figure 6i](#fig6){ref-type="fig"}) and significantly decreased OPT-induced cell death in both MDA-MB231 ([Figure 6e](#fig6){ref-type="fig"}) and HCT116 cells ([Figure 6h](#fig6){ref-type="fig"}). Similarly, knockdown of Noxa significantly blocked OPT-induced Noxa expression ([Figure 6k](#fig6){ref-type="fig"}) and significantly reduced OPT-induced cell death in both MDA-MB231 and HCT116 cells ([Figures 6f and g](#fig6){ref-type="fig"}). Furthermore, knockdown of both Noxa and Bim largely blocks OPT-induced cell death ([Figure 6l](#fig6){ref-type="fig"}). Therefore, both Noxa and Bim contribute to OPT-induced cancer cell death.

MCL1 is an unstable protein with a half-life of around 40 min.^[@bib23]^ Interestingly, in addition to inducing the expression of proapoptotic regulators Noxa and Bim, OPT also induced accumulation of the antiapoptotic MCL1 protein ([Figure 7a](#fig7){ref-type="fig"}). The effect of OPT on MCL1 is likely due to its ability to block protein degradation since the MCL1 mRNA was not significantly affected by OPT treatment ([Supplementary Figure S4](#sup1){ref-type="supplementary-material"}) and proteasome inhibitor MG132 also induced MCL1 accumulation ([Figure 7a](#fig7){ref-type="fig"}). Therefore, OPT-induced cell death is likely determined by the relative increase in the activities of the proapoptotic Noxa and Bim *versus* the antiapoptotic MCL1. Consistent with this idea, knockdown of MCL1 ([Figure 7b](#fig7){ref-type="fig"}) significantly increased OPT-induced cell death in MDA-MB231 and HCT116 cancer cells ([Figures 7c and d](#fig7){ref-type="fig"}). These observations suggest that the anticancer effects of OPT can potentially be enhanced by simultaneously inhibiting MCL1.

Discussion
==========

Our results show that OPT preferentially kills cancer cells and inhibits tumor growth through inducing excessive ER stress. Decreasing the level of ER stress by inactivating components of the UPR pathway or by overexpressing GRP78 significantly inhibited OPT-induced cell death. We show that OPT-induced ER stress is correlated with an accumulation of ubiquitinated protein and the stabilization of unstable proteins. These observations suggest that OPT functions, at least in part, by interfering with the ubiquitin/proteasome degradation pathway. In support of this idea, inhibition of protein synthesis decreased accumulation of ubiquitinated proteins, reduced OPT-induced ER stress, and significantly inhibited OPT-induced cell death. The ubiquitin/proteasome system regulates many cellular functions, including the level of key regulators of the cell proliferation and survival systems, as well as removal of unfolded/misfolded proteins via ERAD, to maintain ER homeostasis. The ubiquitin/proteasome system is a potential target for cancer therapeutic agents. Indeed, proteasome inhibitor Bortezomib has been approved for treating multiple myeloma and mantle cell lymphoma. Although it is traditionally thought that the stabilization of a particular subset of proteins might be responsible for the antitumorigenic activity of bortezomib, it is equally likely that its efficacy results from enhanced proteotoxic stress.

The Bcl2 family of proteins includes the BH3-only type of proapoptotic regulators that are induced by different cell death signals, as well as the antiapoptotic regulators such as Bcl-2 and MCL1. The balance between the proapoptotic and the antiapoptotic regulators is critical in determining whether a cell will survive or die. We show that Bim and Noxa are induced by OPT and that knockdown of both Bim and Noxa significantly blocked OPT-induced cell death. Therefore, Bim and Noxa are critical mediators of OPT-induced cell death. These results are consistent with previous reports on the involvement of Bim and Noxa in mediating ER stress or proteasome inhibition-induced apoptosis.^[@bib12],\ [@bib13],\ [@bib14],\ [@bib15],\ [@bib16]^ Interestingly, OPT treatment also significantly increased the level of MCL1, which is also a highly unstable protein. The observed MCL1 stabilization is likely related to the role of OPT in blocking protein degradation and potentially protects cells from undergoing apoptosis. Decreasing the level of MCL1 significantly sensitized cancer cells to OPT-induced cell death, suggesting that OPT-induced cancer cell death can be further enhanced by inhibitors of MCL1.

Natural products are a valuable source of drugs for disease intervention and prevention. For example, current important anticancer drugs such as paclitaxel and vinblastine were initially discovered from natural products. Similarly, both salicylate, the active metabolite of aspirin, and the antidiabetic drug metformin are originally derived from herbal medicines and have been linked with reduced cancer incidence. Our demonstration that OPT preferentially kills cancer cells and inhibits tumor growth by interfering the ubiquitin/proteasome pathway and inducing the expression of Noxa and Bim suggest OPT can potentially be used to in cancer prevention or design new combinatorial therapies based on complementary mechanisms of action of different available anticancer drugs.

Materials and Methods
=====================

Plant materials
---------------

The root bark of *O. horridus* (Sm.) Miq., from Oregon, USA, was obtained from Pacific Botanicals (Grants Pass, OR, USA) and authenticated by Dr. Chong-Zhi Wang. The voucher specimens were deposited in the Tang Center for Herbal Medical Research at the University of Chicago.

Extraction, compound isolation, and structural identification
-------------------------------------------------------------

Air-dried, powdered root bark of *O. horridus* was extracted with 80% ethanol under refluxing, suspended in water, then extracted with petroleum ether (60--90°C), ethyl acetate, and *n*-butanol successively to give three fractions. The ethyl acetate fraction was separated by silica gel, RP-C~18~ silica gel, and preparative HPLC to afford the test compound, OPT. The structure of this isolated compound was determined by a combination of spectroscopic analyses, including IR, ^1^H and ^13^C NMR, hydrogen-hydrogen correlation spectroscopy (H-H COSY), heteronuclear multiple quantum coherence (HMQC), heteronuclear multiple bond coherence (HMBC), mass spectroscopic data, and chemical methods.^[@bib18]^ Based on the spectroscopic analysis, this compound was identified as OPT.

Chemicals and reagents
----------------------

MG132 was obtained from Fisher Scientific (Chicago, IL, USA). Annexin-V apoptosis kit was obtained from BD Biosciences (San Jose, CA, USA). CHX, NAC CQ. and Tunicamycin were obtained from Sigma (St. Louis, MO, USA). Anti-GRP78, anti-Bim, and anti-PERK antibodies were obtained from Cell Signaling Technology (Danvers, MA, USA). Anti-Ubiquitin, anti-*β*-actin, anti-c-Myc and anti-MCL1 antibodies were obtained from Santa Cruz Biotechnology (Santa Cruz, CA, USA).

Cell culture
------------

MCF10A untransformed human mammary epithelial cells, MDA-MB231 human breast cancer cells, and HCT116 human colorectal cancer cells were obtained from ATCC. The MEFs used were established by SV40 large T antigen and were described previously.^[@bib24],\ [@bib25]^ MCF10A cells were maintained in the ATCC-suggested complete growth medium. HCT116 and MDA-MB231 cells were maintained in DMEM supplemented with 10% fetal bovine serum, mouse bone marrow and MLL-AF9 mouse leukemia cell were maintained in IMEM supplemented with 10% fetal bovine serum containing 10 ng/ml IL-3, 10 ng/ml IL-6 and 100 ng/ml SCF, and KOPN-1 were maintained in RPMI medium supplemented with 10% fetal bovine serum. All cells were cultured in a humidified chamber with 5% CO~2~ at 37°C.

Cell viability assay
--------------------

Cell viability was determined by the MTT assay (Sigma-Aldrich, St. Louis, MO, USA). MTT was dissolved in PBS at 5 mg/ml as a stock solution and sterilized using 0.2 mm filter. MDA-MB231 cells and MCF10A cells were exposed to the indicated concentrations of OPT in a 96-well plate for 48 h followed by the addition of MTT solution (0.5 mg/ml) to the cells, and then the solution was incubated at 37°C for 4 h. The colored metabolite was dissolved in dimethyl sulfoxide (DMSO). Optical densities were determined on a microplate reader (Molecular Devices, Sunnyvale, CA, USA).

FACS analysis, ROS quantification, and western blot analysis
------------------------------------------------------------

For the FACS analysis, 2 × 10^5^ cells/well were seeded into 6-well plates. Samples were prepared based on the instructions provided together with the Annexin-V Apoptosis Kit. Briefly, after treatment as indicated in Section,^[@bib3]^ the adherent and detached cells were collected and washed twice with binding buffer containing 10 mM HEPES, pH 7.4, 140 mM NaCl, 2.5 mM CaCl, and then 1 × 10^5^ cells were resuspended in 100 *μ*l of binding buffer. In all, 5 *μ*l of Annexin V-FITC and 10 *μ*l of propidium iodide (50 *μ*g/ml, stocking concentration) were added to the cell suspension. After gently mixing, the cells were incubated for 15 min at room temperature, and then 400 *μ*l of binding buffer was added to get the sample ready. Quantification of cell death was performed using a FACScan (BD Biosciences). Annexin V-positive and/or PI-positive cells were considered as cell death.

Intracellular ROS production was monitored by the permeable fluorescence dye, H2DCFDA. H2DCFDA can readily react with ROS to form the fluorescent product 2,7-dichlorofluorescein (DCF). The intracellular fluorescence intensity of DCF is proportional to the amount of ROS generated by the cells. After the indicated treatment, the cells were incubated with 10 *μ*M of H2DCFDA for 30 min and then cells were harvested and resuspended in PBS (10^6^ cells/ml). The fluorescence intensity of intracellular DCF (excitation 488 nm, emission 530 nm) was measured using FACScan. All the data analyses were performed using the FlowJo analysis software, version 6.0 (Tree Star, Ashland, OR, USA).

Western blot analysis was carried out as described by Li *et al.*^[@bib26]^

RNA isolation and RT-PCR
------------------------

Total RNA was extracted with the RNeasy Mini Kit according to the manufacturer\'s instructions (Qiagen, Valencia, CA, USA). cDNA was synthesized using M-MLV reverse transcriptase from Promega (Madison, WI, USA). Primer pairs used for RT-PCR are human XBP1, 5′-GGAGTTAAGACAGCGCTTGG-3′ (sense) and 5′-ACTGGGTCCAAGTTGTCCAG-3′ (antisense); human CHOP, 5′-TGGAAGCCTGGTATGAGGAC-3′ (sense) and 5′-TGTGACCTCTGCTGGTTCTG-3′ (antisense); human Noxa, 5′-GCTCCAGCAGAGCTGGAAGT-3′ (sense) and 5′-GCAGTCAGGTTCCTGAGCAG-3′ (antisense); human Bim, 5′-GACTCTGACTCTCGGACTGA-3′ (sense) and 5′-GCAGGCTGCAATTGTCTACC-3′ (antisense); human GRP78, 5′-TGAAGAGCTCAACATGGATCTGTT-3′ (sense) and 5′-CTACAGCTTCATCTGGGTTTATGC-3′ (antisense); human BCL2, 5′-ATGTGTGTGGAGAGCGTCAA-3′ (sense) and 5′-CGTACAGTTCCACAAAGGCA-3′ (antisense); human BCL-XL, 5′-CCTTTGCCTAAGGCGGATTT-3′ (sense) and 5′-GCTCACTCACTGAGTCTCGT-3′ (antisense); human MCL1, 5′-AGAAAGCTGCATCGAACCATT-3′ (sense) and 5′-CAGCTCCTACTCCAGCAAC-3′ (antisense); human GAPDH, 5′-CTCTGACTTCAACAG CGACAC-3′ (sense) and 5′-CATACCAGGAAATGAGCTTGACAA-3′ (antisense); mouse XBP1, 5′-ACACGCTTGGGAATGGACAC-3′ (sense), mouse GAPDH, 5′-GCACAGTCAAGGCCGAGAAT-3′ (sense) and 5′-GCCTTCTCCA TGGTGGTGAA-3′ (antisense).

Plasmids and Lentiviral preparation and transduction
----------------------------------------------------

Human GRP78 cDNA was subcloned into the lentiviral expression vector pCDH-CMV-EF1-puro (System Biosciences, Mountain View, CA, USA). The pLKO.1 lentiviral sh-RNA expression system was used to generate shRNA constructs (sh-GRP78, 5′-CTTGTTGGTGGCTCGACTCGA-3′), (sh-Noxa, 5′-GTAATTATTGACACATTTCTT-3′), (sh-Bim, 5′-CCTTCTGATGTAAGTTCTGTT-3′), and (sh-MCL1, 5′-CGGGACTGGCTAGTTAAAC-3′). Viral packaging was done according to the protocol described by Li *et al.*^[@bib27]^

*In vivo* xenograft tumor model and xenogen bioluminescence imaging
-------------------------------------------------------------------

Female athymic nude mice (*n*=10/group, 4--6 weeks of age; Harlan, Indianapolis, IN, USA) were used. The use and care of animals was carried out under the guidelines approved by the Institutional Animal Care and Use Committee. Subconfluent HCT-116-Luc cells were harvested and resuspended in PBS. Before inoculation, cell viability was tested by 0.4% trypan blue exclusion assay (viable cells\>90%). For subcutaneous injection, ∼1 × 10^6^ HCT-116-Luc cells in 50 *μ*l PBS were injected into both flanks of each mouse for each point. Starting the same day, OPT was intraperitoneally (IP) administered at dose of 15 mg/kg/day. Control mice were injected with the vehicle. Animal whole body optical imaging was carried out as described previously.^[@bib28]^ Briefly, animals were subjected to Xenogen IVIS 200 imaging system (Caliper Life Sciences, Hopkinton, MA, USA) for imaging weekly after tumor cell inoculation. [D]{.smallcaps}-Luciferin sodium salt (Gold Biotechnology, St. Louis, MO, USA) at 100 mg/kg body weight in 0.1 ml sterile PBS was administered IP as a substrate before imaging. The acquired pseudo images were collected by superimposing the emitted light over the grayscale photographs of the animal. Quantitative image analysis was performed with Xenogen\'s Living Image V2.6.1 software (Xenogen Corp, Alameda, CA, USA).

Statistical analysis
--------------------

Unless otherwise indicated, at least three independent assays were carried out and the values are presented as mean±S.D. Statistical significance was assessed by Student\'s two-tailed *t* test and *P*\<0.05 was considered as statistically significant.
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![OPT preferentially induces cancer cell death. (**a**) Untransformed human epithelial cells MCF10A and the breast cancer cells MDA-MB231 were treated with different concentrations of OPT and cell viability at 48 h after treatment was determined by MTT assay. (**b** and **c**) MCF10A and MDA-MB231 cells were treated with OPT (10 *μ*M) for 48 h, and cell death was quantified by FACS after staining with Annexin V-FITC and propidium iodide. (**d**) HCT116 cells were treated with OPT (10 *μ*M) for 48 h, and cell death was quantified by FACS. (**e**) Mouse bone marrow cells and MLL-AF9 mouse leukemia cells were treated with OPT (1.5 *μ*M) for 48 h, and apoptosis was quantified by FACS. (**f**) Human leukemia KOPN1 cells were treated with OPT (1.5 *μ*M) for 48 h, and apoptosis was quantified by FACS. (**g**) C3AI transduced MDA-MB231 and HCT116 cells were treated with OPT (10 *μ*M) for 48 h, and the level of fluorescence was quantified by FACS](cddis2014169f1){#fig1}

![*In vivo* antitumor evaluation of Oplopantriol A using a xenograft model. (**a**) Firefly luciferase-tagged HCT-116 cells were injected into both flanks of athymic mice subcutaneously (*n*=10/group), and the tumor sizes after treatment with solvent control or 15 mg/kg/day of Oplopantriol A were measured on a weekly basis by xenogen bioluminescence imaging. Representative xenogen imaging results are shown. (**b**) Quantitative analysis of xenogen bioluminescence imaging. Average tumor sizes at the indicated time points are represented with imaging signal intensities (in photons/second/cm^2^/steradian) as mean±standard error. \* *P*\<0.05, \*\* *P*\<0.01 *versus* control](cddis2014169f2){#fig2}

![The effects of OPT on endoplasmic reticulum stress, ROS, and autophagy. (**a**) Western blot showing the induction of GRP78 in MDA-MB231 cells treated with OPT at different time points. Full-length GRP78 protein is indicated by an arrow. The numbers indicate the normalized level of GRP78. (**b**) RT-PCR analysis showing the induction of XBP1 splicing and CHOP expression after MDA-MB231 cells were treated with OPT at different time points. (**c**) RT-PCR analysis showing the induction of XBP1 splicing and CHOP expression after HCT116 cells were treated with OPT for 8 h. (**d**) MCF10A and MDA-MB231 cells were treated with OPT for 8 h, and the XBP1 splicing and CHOP expression were detected by RT-PCR. (**e**) HCT116 cells were treated with OPT for 16 h, and the ROS level was determined. (**f**) MDA-MB231 cells were treated with OPT for 16 h, and the ROS level was determined. (**g** and **h**) HCT116 and MDA-MB231 cells expressing EGFP-LC3 were treated with vehicle control (VC) or 6 *μ*M OPT for 30 h and were imaged with a fluorescence microscope. Serum-free (SF) treatment was used as a positive control for autophagy. \*\* indicates *P*\<0.01](cddis2014169f3){#fig3}

![ER stress contributes to OPT-induced cancer cell death. (**a**) MDA-MB231 cells infected with lentivirus expressing either myc-GRP78 or empty vector were treated with different concentrations of OPT for 48 h, and cell death was determined. (**b**) Extracts from vector control or myc-GRP78-expressing cells were analyzed by western blotting. Anti-Myc antibody was used to detect myc-GRP78 (indicated by an arrow). The blot was re-probed with an anti GRP78 antibody, which detects the endogenous GRP78 bands (below myc-GRP78). (**c**) RT-PCR analysis of the induction of XBP1 splicing after myc-GRP78 or vector control-infected MDA-MB231 cells were treated with 10 *μ*M OPT for 8 h. (**d**) MDA-MB231 cells infected with sh-GRP78 constructs or sh-GFP control were treated with 3 *μ*M OPT for 48 h, and cell death was determined. (**e**) Extracts from sh-GFP or sh-GRP78 cells were analyzed by western blots to determine the levels of GRP78 protein (indicated by an arrow). (**f**) RT-PCR analysis of the induction of XBP1 splicing after sh-GRP78 or sh-GFP infected MDA-MB231 cells were treated with 3 and 4 *μ*M OPT for 8 h. (**g** and **i**) Wild-type and PERK^−/−^ or XBP1^−/−^ mouse embryonic fibroblasts were treated with 10 *μ*M OPT for 48 h, and cell death was determined. (**h** and **j**) Wild-type and PERK^−/−^ or XBP1^−/−^ mouse embryonic fibroblasts were treated with 10 *μ*M OPT for the indicated periods, and then GRP78 and PERK expression levels were determined by western blot analysis. The numbers in (**e**, **h**, and **j**) indicate the normalized level of GRP78. (**k**) Wild-type and XBP1^−/−^ mouse embryonic fibroblasts were treated with 10 *μ*M OPT for 8 h, and the XBP1 splicing and XBP1 (Exons 1--2) expression were detected by RT-PCR. Note: XBP1 knockout does not remove the region that is used to assay alternative splicing; therefore, XBP1 splicing can still be detected in the XBP1 knockout MEF and used as a readout for ER stress. \*\* indicates *P*\<0.01](cddis2014169f4){#fig4}

![OPT-induced ER stress is correlated with an accumulation of ubiquitinated proteins. (**a** and **b**) MDA-MB231 and HCT116 cells were treated with 10 *μ*M OPT for 8 h with or without cycloheximide (10 *μ*g/ml), and XBP1 splicing and CHOP expression were determined by RT-PCR. (**c** and **d**) MDA-MB231 and HCT116 cells were treated with10 *μ*M OPT for 48 h with or without cycloheximide (10 *μ*g/ml), and then cell death was determined. (**e**) MCF10A and MDA-MB231 cells were treated with 10 *μ*M OPT for 8 h, and then the level of ubiquitinated proteins was determined by western blot analysis. (**f** and **g**) HCT116 and MDA-MB231 cells were treated with 10 *μ*M OPT for 8 h with or without cycloheximide (10 *μ*g/ml), and the ubiquitinated protein expression level was determined by western blot analysis. (**h**) MDA-MB231 cells were treated with 10 *μ*M OPT in a time-dependent manner or with 20 *μ*M of the proteasome inhibitor MG132 for 8 h, and the level of c-Myc protein was determined by western blot analysis. The numbers indicate the normalized c-Myc level. \*\* indicates *P*\<0.01](cddis2014169f5){#fig5}

![BH3-only proteins Noxa and Bim mediate OPT-induced cell death. (**a**--**d**) MDA-MB231 (**a** and **b**) and HCT116 (**c** and **d**) cells were treated with OPT for 24 h, and then the expression levels of Bim (**a** and **d**) and Noxa (**b** and **c**) were determined by qRT-PCR. (**e**--**h**) MDA-MB231 cells (**e** and **f**) and HCT116 cells (**g** and **h**) were infected with sh-Bim constructs (**e** and **h**), sh-Noxa (**f** and **g**) or sh-GFP control, and were treated with 10 *μ*M OPT for 48 h, and cell death was determined. (**i**) Western blot showing the induction of Bim in MDA-MB231 cells treated with 10 *μ*M OPT for 24 h, and also showing decreased OPT-induced Bim protein accumulation with sh-Bim treatment. (**j**) Western blot showing the induction of Bim in HCT116 cells treated with10 *μ*M OPT for 24 h. The numbers in (**i** and **j**) indicate the normalized level of Bim. (**k**) RT-PCR showing knockdown of Noxa by sh-Noxa construct blocks OPT-induced Noxa expression. (**l**) MDA-MB231 cells were double infected with sh-Bim and sh-Noxa construct or sh-GFP and sh-GFP construct, and cell was treated with 10 *μ*M OPT for 48 h, and cell death was determined. \*\* indicates *P*\<0.01](cddis2014169f6){#fig6}

![Knockdown of MCL1 sensitizes OPT-induced cell death. (**a**) MDA-MB231 cells were treated with 10 *μ*M OPT or 20 *μ*M MG132 for 24 h, and then the level of MCL1 protein was determined by western blot analysis. (**b**) Extracts from sh-GFP or sh-MCL1 cells were analyzed by western blots to determine the levels of MCL1 protein. The numbers in (**a** and **b**) indicate the normalized level of MCL1. (**c** and **d**) MDA-MB231 and HCT116 cells infected with sh-MCL1 constructs or sh-GFP control were treated with 4 *μ*M OPT for 48 h, and cell death was determined. \*\* Indicates *P*\<0.01](cddis2014169f7){#fig7}
